This paper analyses the macroeconomic effects of the ECB's quantitative easing programme using an open-economy DSGE model estimated with Bayesian techniques. Using data on government debt stocks and yields across maturities we identify the parameter governing portfolio adjustment in the private sector. Shock decompositions suggest a positive contribution of ECB QE to EA year-on-year output growth and inflation of up to 0.4 and 0.5 pp in the standard linearized version of the model. Allowing for an occasionally binding zero-bound constraint by using piecewise linear solution techniques raises the positive impact up to 1.0 and 0.7 pp, respectively. JEL classification: E44, E52, E53, F41
Introduction
In early 2015 the European Central Bank (ECB) has joined the group of central banks that have implemented large-scale asset purchase programmes as unconventional policy measures. These asset purchases, also called Quantitative Easing (QE), have led to a strong extension of the central banks' balance sheets. By end-July 2015 the amount of outright purchases on the balance sheet had reached 24% of GDP in the case of the US Federal Reserve, 64% of GDP in the case of the Bank of Japan, 21% of GDP in the case of the Bank of England, and 5% of GDP in the case of the ECB (Constâncio 2015) . The ECB's QE programme announced in January 2015 (Public Sector Purchase Programme) foresaw buying €60 billion of assets a month from March 2015 to September 2016, which in sum corresponds to circa 10% of annualised euro area (EA) GDP. In December 2015, the ECB has extended the programme until March 2017, and it has raised the amount of monthly purchases to €80 billion starting from April 2016. In December 2016 the programme has been extended and modified again, lengthening the period of asset purchases until (at least) December 2017, but at a reduced pace of €60 billion of assets a month after March 2017.
Operating close to the zero lower bound (ZLB), the ECB considered its "conventional" monetary accommodation to be insufficient to address weak inflation dynamics, falling inflation expectations and sizeable economic slack in the EA. As a result, the balance sheet interventions were proposed to "achieve the price stability objective, given that interest rates have reached their lower bound" (Draghi 2015) . In practice, the ECB purchases public sector financial assets (government debt) of longer maturity and extends liquidity (base money) to the private sector (Claeys et al. 2015 , Valiante 2015 . Research at the ECB has provided evidence for an impact of the QE programme on long-term bond yields and spillover to other asset prices through portfolio reallocation: Altavilla et al. (2015) in an event study report a 30-50 basis-point decline in 10-year government bond yields with spillover into lower corporate bond, spreads, higher equity prices, and euro depreciation. Andrade et al. (2016) report a decline of EA 10-year government bond yields in the range 27-64 basis points in the context of the ECB's extended asset purchases programme with spillover into higher equity prices and inflation expectations. The evidence in De Santis (2016) suggests that ECB non-standard policy has reduced EA 10-year government bond yields between September 2014 and October 2015 on average by 63 basis points. This paper analyses the macroeconomic effects of the ECB's QE programme using a tworegion DSGE model for the EA and the rest of the world (RoW), estimated with Bayesian techniques. QE is introduced into the model by adding a central bank balance sheet and distinguishing between short-term and long-term government debt. We use a formulation of private-sector portfolio preferences -as, e.g., Andres et al. (2004) -that allows for non-neutral effects of central bank purchase programmes due to imperfect substitutability between assets of different maturity.
More specifically, the central bank alters its balance sheet by purchasing long-term bonds (the latter modelled as in Woodford, 2001) and injecting liquidity to the private sector. Our specification of QE allows us to capture its effects through a large number of the transmission channels put forward by the literature (see Krishnamurthy and Vissing-Jorgensen, 2011) including the saving, financing cost, exchange rate, inflation, and fiscal channels. The exchange rate channel is absent from most model-based studies of QE policies (e.g., Chen et al. 2012 , De Graeve and Theodoridis 2016 , Gertler and Karadi 2011 , which build instead on closed-economy frameworks.
The contribution of this paper is to analyse the macroeconomic impact of ECB QE using a state-of-the-art estimated dynamic stochastic general equilibrium (DSGE) model. Combining data on government debt stocks and yields across maturities, the model estimation enables to extract a value for the crucial parameter governing the portfolio adjustment costs of households.
The implied strength of these costs dictates the magnitude of the yield spread following QE of a given volume and time path, such as the one announced by the ECB in January 2015. Given that ECB QE has been launched only in 2015, we have little data points for the QE episode itself.
Data-driven identification of the degree of substitutability between short-term and long-term bonds in our model therefore has to rely mainly on the pre-QE part of the sample. Lags in the transmission of QE to the real economy furthermore imply that the effects of the ongoing programme have not fully materialised yet.
The analysis starts with a standard linearized version of the model in which the Taylor rule is never hitting the ZLB (we refer to this as "unconstrained model" in the text). We then turn to a model version with occasionally binding constraints in which the ZLB can become binding endogenously when contractionary shocks drive the target ("shadow") interest rate below the lower bound (we refer to this as "constrained model" in the text). According to our shock decompositions from the estimated unconstrained model, QE as captured by the model has increased EA year-on-year output growth and inflation in 2015q1-16q2 by 0.3 pp and 0.3 pp on average, with maximum impact of 0.4 and 0.5 pp in 2016. Including the endogenously and occasionally binding ZLB constraint raises the 2015q1-16q2 average growth and inflation effect of QE to 0.7 and 0.4 pp, respectively, with peaks at 1.0 and 0.7 pp in 2016q2. The stronger QE impact in the constrained model is due to the absence of a countervailing short-term policy rate response when the ZLB binds in 2015-16 in the constrained model. The remainder of the paper is structured as follows: Section 2 summarizes the closely related literature; section 3 outlines the general structure of the model; section 4 describes the mod-el solution and estimation methodology; section 5 presents parameter estimates; section 6 discusses the impact of QE in the unconstrained model; section 7 present results from the model with occasionally binding constraint; section 8 summarizes the paper and concludes.
Related literature
The empirical relevance of individual channels and the aggregate macroeconomic effects of QE are an empirical matter and likely to vary with structural features of the economy across countries and time. So far there is little (published) research on the effects of the ECB QE, and particularly little model-based analysis. Most existing papers consider unconventional monetary policy in the US and the UK and their spillovers to the world economy. This literature has been summarised, e.g., in Priftis and Vogel (2016) . Here, we limit ourselves to the review of model-based generalequilibrium (DSGE) analyses that focus on the impact of QE on portfolio rebalancing and financing costs. According to the results in Chen et al. (2012) , the US LSAP II (large-scale asset purchase) programme, with a volume of circa 4% of US GDP, combined with a commitment to keep interest rates low for an extended period of time has raised US real GDP growth by around 0.13% and inflation by only 0.03 percentage points (pp). According to the estimates of De Graeve and Theodoridis (2016), "Operation Twist", the purchase of long-term and sale of short-term maturity bonds of circa 2% of US GDP by the Federal Reserve, has increased US real GDP by 0.6% and inflation by up to 0.3 pp.
The models by Gertler and Karadi (2013) and Carlstrom et al. (2017) assume financially constrained financial intermediaries, where QE eases the constraint on financing productive investment in the economy. In these models, productive capital is financed by financial intermediaries based on their net worth and the deposits made by households. In a calibrated version of their model, Gertler and Karadi (2013) quantify the impact of US LSAP with a volume of 2.5% of GDP on output and inflation to 1% and 1.5 pp respectively if policy rates remain unchanged, and to 0.2% and 0.2 pp respectively if the standard monetary policy rule is active and partly offsets expansionary QE effects by an increase in the short-term rate. While the transmission can be described in terms of the credit channel, recent empirical analyses (see, e.g., Bluwstein and Canova 2016, Tillman and Ludering 2016) do not suggest the credit channel to be a primary transmission mechanism for QE in the EA and spillover to non-EA countries. Sahuc (2016) borrows the Gertler-Karadi model for an assessment of ECB QE policy that involves asset purchases of circa 9% of EA GDP. Like Gertler and Karadi (2013) , the Sahuc (2016) assessment stresses the importance of keeping short-run policy rates low for longer. Keeping the policy rate constant only in 2015 gives a maximum QE effect on output growth and inflation of 0.2 and 0.1 pp in 2015-6, whereas keeping the policy rate unchanged for another year raises the average output growth and inflation effect in 2015-6 to 0.6 and 0.6 pp.
Model description
The present analysis uses a modified two-region (EA and ROW) framework of Kollmann et al. (2016) and extends this model to incorporate non-standard monetary policy. The model is estimated using quarterly data for the period 1999q1-2016q2.
The EA region assumes two (representative) households, intermediate and final goods firms and a government. Ricardian households have access to financial markets, whereas liquidity-constrained household consume their disposable income in every period. Preferences of both types of households exhibit habit formation in both consumption and leisure. A monopolisticallycompetitive sector produces differentiated goods by employing domestic labor and capital. Firms in this sector maximize the present value of their dividends at a discount factor that is strictly larger than the risk-free rate and varies over time, subject to investment and labour adjustment costs and a varying capacity utilization rate. Final goods firms combine a domestic differentiated goods bundle with energy inputs. Nominal differentiated goods prices are sticky as are the wages paid to the workers; the latter being determined by monopolistic trade unions. The fiscal authority imposes distortive taxes and issue debt.
The exposition below describes the QE-relevant extensions. A detailed overview of the general model can be found in Kollmann et al. (2016) and the model appendix. We extend the model by introducing features of non-standard monetary policy as in Priftis and Vogel (2016) , which is similar in spirit to the modelling of QE in Chen et al. (2012) and De Graeve and Theodoridis (2016) . Similar to Chen et al. (2012) and De Graeve and Theodoridis (2016), our model emphasises the transmission of QE mainly through portfolio rebalancing.
However, unlike these studies, our multi-country model allows for an exchange rate channel and potential trade effects from QE.
In line with the standard notion, QE is introduced as a monetary policy strategy that increases the size of the central bank's balance sheet. In particular, the central bank purchases longterm (government) bonds, with the aim of reducing the interest spread between long and short maturities, i.e. to flatten the yield curve. The central bank finances the bond purchases by providing additional liquidity to the private sector. QE intends to affect private-sector portfolio and saving decisions especially when short-term policy rates are already at or close to the zero lower bound (ZLB).
We introduce short-term and long-term government debt to incorporate investor preferences for a maturity mix and central bank balance sheet operations in the model. Following 
corresponds (approximately) to the price of newly issued long-term bonds times the depreciation rate:
(1) (2)
The short-term and long-term bonds are imperfect substitutes in the model. In particular, private investors have a preference for holding a mix of short-term and long-term bonds, and deviations from the target value  for the ratio of long-term over short-term debt induce quadratic adjust-
The Woodford (2001) perpetual-bond formulation is also be used by, e.g., Carlstrom et al. (2017) . 2 The same formulation has been used previously by, e.g., Andrés et al. (2004) , Falagiarda (2013) , Harrison (2012) , and Liu et al. (2015) .
Private households with access to financial markets (superscript r for Ricardian) face the following optimisation problem: 3 The maximisation problem (3) provides the following first-order conditions (FOC):
Combining (4) with (6), (7) and (8) illustrates the transmission channels of QE to the real economy:
, 1
The impact on asset prices of the central bank's purchase of long-term bonds derives from the private investors' portfolio adjustment costs (
portfolio are similar to the impact of a reduction of the short-term interest rate t i in equation (4), and unconventional monetary policy can, hence, mimic the effect of reductions in the short-term interest rate.
In particular, when the central bank intervenes by purchasing long-term bonds, private investors that aim at re-establishing the portfolio mix of short-term and long-term assets can respond by holding more corporate equity and foreign bonds, and by reducing savings. The first response means a portfolio reallocation towards equity and foreign-currency assets that increases the price of corporate equity (rising stock market) and the price of foreign currency (exchange rate devaluation). Equation (10) shows that QE leads to higher demand for foreign assets and depreciation of the domestic currency (increase in t e ) for given levels of t i (restricted, e.g., at the ZLB) and * t i . Equation (11) illustrates the portfolio reallocation from government bonds towards corporate equity. Equation (12) shows that QE reduces private saving similar to a reduction in the short-term interest rate.
Concerning the transmission to the real economy, i) rising stock markets reduce the financing costs of corporations and, dampening the required return to capital, translate -under decreasing returns to capital-into stronger investment and capital accumulation, ii) exchange rate depreciation strengthens net exports provided that export and import demand are sufficiently price elastic, and iii) reduced savings to restore the preferred portfolio mix strengthen contemporaneous consumption demand.
The stock of government debt, which is, composed of short-term bonds and long-term bonds follows:
are, respectively, the primary government expenditure (public consumption, public investment, transfers), total tax revenue (labour, consumption, and corporate taxes), and the operating profit of the central bank as additional source of government revenue.
The operating profit of the central bank equals the sum of base money issuance and interest income minus the current expenditure on buying long-term bonds, where the latter equals the change of the value of long-term bonds on the central bank's balance sheet:
, , ,
Under the central bank's budget constraint (14), purchases of long-term government bonds can be financed either by increasing liquidity (money issuance), or by reducing the central bank's operating profit. 4 In line with the standard definition of QE and the ECB announcement, we consider only the case of enhanced liquidity provision.
Purchases of long-term bonds by the central bank can be modelled as endogenous response to the economic environment (e.g., the economy's position in the business cycle, or the slope of the yield curve) similar to a Taylor rule, or as exogenous path. The set-up in this paper models QE as exogenous path that replicates the announced ECB programme in timing and size.
Model solution and econometric approach
We compute an approximate model solution by linearizing the model around its deterministic steady state. Following the recent literature that estimates DSGE models, we calibrate a subset of parameters to match long-run data properties, and we estimate the remaining parameters using Bayesian methods. The observables employed in estimation are listed in the Data Appendix. 5 The estimation uses quarterly data for the period 1999q1-2016q2. We also perform estimation on the subsample 1999q1-2014q4 to test the stability of parameter estimates, especially the adjustment cost/portfolio preference parameter b  , with respect to the implementation of QE. The model has been estimated using the slice sampler algorithm proposed by Neal (2003) . 6 We calibrate the model steady state so that steady-state ratios of main economic aggregates to GDP match average historical ratios over the sample period. The EA steady state ratios of private consumption and investment to GDP are set to 56% and 19%, respectively. The steady state shares of EA GDP in world GDP is 17%. The steady state trade share (0.5*(exports+imports)/GDP) is set at 18% in the EA (excluding intra-EA trade), and the quarterly depreciation rate of capital is 1.4%. We set the steady state government debt/annual GDP ratio at 80% of GDP in the EA. The steady state real GDP growth and inflation rates are set to 0.35% and 0.4% per quarter, respectively, and the effective rate of time preferences to 0.25% per quarter.
With respect to the model extension to imperfect asset substitutability and non-standard monetary policy, we set the steady-state portfolio share of long-term to short-term government debt to 0.916 in line with the average of outstanding EA government debt over the sample period.
We use data on swap rates of EA government bonds to determine the yield spread between shortterm and long-term bonds. In particular, we use the current and 3-month-ahead swap rates on 10-
year bonds to calculate the implied expected period-on-period return on long-term bonds. This approach is consistent with our modelling assumption that agents are not obliged to hold longterm bonds to maturity, but rather can trade these bonds in the secondary market at each period in time.
The results displayed in the following sections treat ECB QE as an AR(1) shock for which the estimated persistence is very high, as in Chen et al. (2012) and De Graeve and Theodoridis (2016). The specification as AR(1) implies that bond purchases by the central bank are not anticipated by the private sector (e.g. the agents react only to action, even though further steps have already been announced by the ECB), which mutes the impact of announcement effects with respect to further bond purchases. The high persistenceinnovations have a half-life of 12 yearsalso implies that agents expect only very gradual exit from QE, however. Alternatively, we have tested a QE shock with random walk assumption. The random walk assumption implies that private investors expect the balance sheet expansion to be permanent, i.e. no exit from QE in the sense of a return of the central bank balance sheet to pre-QE levels. Results for the highly persistent AR(1) and the random walk shock specification are very similar. 7
Posterior parameter estimates 8
The posterior estimates of key model parameters for the EA are reported in Table 1 . These estimates are based on the unconstrained linearized version of the model and also used for the solution with occasionally binding constraint. The steady state consumption share of the Ricardian household is estimated at 0.85. Estimated habit persistence in consumption is high (0.89), which indicates a sluggish adjustment of consumption to income shocks. The risk aversion coefficient is in the range of 1.4 and the inverse of the elasticity of labor supply elasticity is estimated to be 2.3. The estimated price elasticity of aggregate imports is 2.0. The model estimates also suggest substantial nominal price and wage stickiness, and strong real wage rigidity. The estimated interest rate rule indicates a strong response of the EA policy rate to domestic inflation, and a weak response to domestic output. Important in our context, the posterior estimate of the adjustment cost parameter attached to the maturity structure of the private sector portfolio of government debt is 0.0009. 9 The fiscal feedback rules for government transfers (not shown in Table 1 ) exhibit very weak responses to public debt and deficit levels. The estimates also suggest that most exogenous variables are highly serially correlated. The model properties discussed in what follows are evaluated at the posterior mode of the model parameters.
QE in the unconstrained model
This section provides results on the impact of QE for the unconstrained linearized. The discussion focuses on impulse responses and shock decompositions for real GDP growth and inflation. Using the unconstrained linearized model implies that the standard monetary policy (Taylor) rule is operational at any period of time. An operational Taylor rule offsets part of effective QE as it reacts to rising output growth and inflation by tightening interest rates.
Dynamic effects of QE shocks
Figure 1 provides impulse responses of EA endogenous variables for a positive QE shock that illustrate the transmission of QE in the model. More precisely, the shock is a purchase of longterm government bonds by the central bank (CB) that is financed by additional liquidity. The shock is a one-time increase in CB holdings of long-term bonds and calibrated to match the quarterly amount of ECB purchases of around 200 billion euro, which corresponds to circa 8% of baseline quarterly GDP. Given the specification of QE as highly persistent AR(1), the one-time purchase implies a long-lasting extension of the CB's balance sheet by the given amount; only half of the initial balance sheet extension will be undone after 12 years. 9 We have tested the robustness of the parameter estimate by starting from different (lower and higher) prior values. The estimation has converged to the same value in both cases. The purchase of long-term government debt by the CB reduces the amount of long-term debt available to private investors. Given the preference of private investors for a maturity mix, i.e.
imperfect substitutability between short-term and long-term bonds, the price of long-term bonds rises; their expected yield, consequently, declines. The decline in the yield of long-term bonds leads to portfolio rebalancing towards equity and foreign assets. Higher demand for equity lowers the equity premium and causes an increase in private investment as shown in Figure 1 . Higher demand for foreign assets causes depreciation of the domestic currency (an increase in the real exchange rate in Figure 1 corresponds to real effective depreciation), which leads to an improvement in the EA trade balance. The declining yield on long-term bonds also reduces private savings as private investors are less inclined to invest into short-term bonds away from the preferred maturity mix in the portfolio; the decline in savings raises private consumption. The joint increase in consumption, investment and net exports implies an increase in real GDP and (demanddriven) inflation. Note that the assumption of a very persistent expansion of the CB's balance sheet implies a very persistent decline in the equity premium and the savings rate, which is behind the very persistent increase in investment and consumption. Higher investment in productive capital raises the capital stock and the productivity of workers, so that labour demand and employment increase and real wages rise to some extent. Note that the efficiency of QE in Figure 1 is dampened by an offsetting response of the short-term policy rate. Given the positive impact of QE on activity and inflation, standard monetary policy as captured by the Taylor rule becomes less expansionary than in the non-QE baseline. Section 7 below will present corresponding impulse responses with binding zero lower bound (ZLB) constraint, i.e. without tightening of shortterm policy rates.
Decomposing EA output growth and inflation
To quantify the role of different shocks as drivers of output and inflation we plot the estimated contribution of the different shocks to year-on-year real GDP growth (Figure 2) and to the yearon-year growth of the GDP deflator (Figure 3) . To focus the discussion on the contribution of QE we group the remaining shocks coarsely in three groups: domestic demand shocks (which include financial shocks affecting consumption, investment and net export demand, as well as fiscal shocks); domestic supply shocks (productivity and price and wage mark-up shocks); and trade and foreign shocks (containing shocks to trade demand and mark-ups and to foreign demand and supply, including oil price shocks). The black solid line presents the data, the blue surface the contribution of the respective group of shocks. The decomposition of CPI inflation in Figure 3 suggests a more balanced role for domestic demand and supply shocks compared to Figure 2 . The pre-crisis demand boom has added to inflation pressure, whereas the following contraction of domestic demand has pushed inflation down.
Domestic supply shocks, notably negative productivity trends and sluggish wage and price ad-10 Note that the panels for QE in Figures 2 and 3 show smaller positive growth and inflation contributions already before 2015, which are due to (smaller) variations in the CB holding of long-term debt prior to 2015 that are captured by the same shock but not part of the programme initiated in 2015. model. QE effects are stronger when accounting for the ZLB constraint as will be discuss in the following section.
QE in the model with occasionally binding constraint
In this section we assess the contribution of QE when we allow the zero-bound on monetary policy to be occasionally binding. A binding ZLB implies that the target ("shadow") policy rate is below the lower bound. By implication, an increase in output and inflation through QE or other factors does not lead to tightening of the short-term rate while the constraint is binding, i.e. while the shadow rate remains below the lower bound.
Implementation of the occasionally binding constraint
We use the OccBin method developed by Guerrieri and Iacoviello (2015) to treat the occasionally binding constraint via a piecewise linear solution. Moreover, we use an algorithm as in Giovannini and Ratto (2017) As long as the actual policy rate is above the lower bound, the nominal interest rate is:
= +
If ≤ the policy rate is constrained:
= + 11 See Giovannini and Ratto (2017) for a detailed description of the algorithm and the methodology. 12 Previous studies on the ZLB use a slightly higher lower bound for the interest rate (around 0.2-0.4% annualized). In our context, this assumption would imply a constrained regime starting from 2013q4 onwards, which would imply a stronger impact of the asset purchase shock on real activity particularly in the years 2013 and 2014, where variations in the CB holding of long-term debt are unrelated to the 2015 QE programme.
The variable acts as an "shadow" interest rate under a constrained regime. Under the Occbin algorithm, it allows to be determined endogenously when the constraint is no longer binding. 13
The algorithm used for estimating latent variables yields initial conditions and a sequence of smoothed shocks that are consistent with the observables and take into account the occasionally binding constraint. The sequence of regimes is reported in Table 2 . Based on our definition of the ZLB as zero short-term nominal interest rate, EA monetary policy is constrained from 2014q3 onwards, whereby agents have anticipated the ZLB since 2014q2.
Our simulation also indicates a relatively long-lasting constrained regime. More precisely, in 2016q2 it anticipates a constrained regime for additional 5 quarters.
Dynamic effects of QE shocks
Based on the sequence of regimes, we perform IRFs with ZLB that are consistent with the estimated timing and duration of the constrained regime. In particular, we perform the following exercise: We use as a starting point the smoothed variables in 2015q1, which is a period of constrained monetary policy according to Table 2 and the official start of QE. We shut off all QE shocks and simulate the model with all other shocks. Then we perform another simulation adding a positive ECB QE shock of the same size as in Figure 1 , i.e. long-term bond purchases of 8% of 13 We still use an exogenous monetary shock under the constrained regime in order to keep observing the actual policy rate in the data. The shock does not affect the behavior of the piecewise linear solution in terms of transmission mechanisms under the ZLB constraint.
steady-state quarterly EA GDP. The difference between the two simulations provides the IRF of the ECB QE shock under the constrained regime. Figure 4 Since we use 2015q1 as starting point of our simulations, monetary policy is constrained for 6 quarters until the end of our sample in 2016q2. It implies that monetary policy is going back to 'normal' times from 2016q3 onwards, which is reflected by an immediate jump to the unconstrained impulse response. The change back to the "normal regime" is the consequence of softening of contractionary forces, i.e. abating of contractionary shocks and of the effectiveness of QE itself, not the result of an exogenous regime switch. The IRFs suggest that the impact of the QE shock on real GDP (annualized 0.9 instead of 0.5 pp on impact) and inflation (annualized 0.4 instead of 0.3 pp on impact for CPI inflation) becomes significantly larger in a zero-bound environment.
Decomposing EA output growth and inflation
Finally, we investigate the shock contributions to the observed data that are consistent with the piecewise linear solution, i.e. the extension of the standard historical shock decompositions to the case of occasionally binding regimes. The contribution of individual smoothed shocks is not the mere additive superposition of each shock in this case. Instead, it is a non-linear function of the whole set of shocks simultaneously affecting the economy. Hence, the contribution of one shock it is conditional on the sequence and combination of shocks simultaneously hitting the economy. 14 We use the complement/residual contribution to account for the impact of the ZLB on the contribution of shocks to observed variables. In practice, we compute the contribution of QE by setting the QE shock to zero and perform simulations using initial conditions and the sequence of all the other shocks. The contribution of QE will be the complement/residual of this simulation to the smoothed variable. 15 
Conclusion
We have introduced imperfect substitutability between bonds of different maturities and central 
APPENDIX: MODEL DESCRIPTION
We introduce elements of quantitative easing into a two-region world consisting of the Euro Area (EA) and the rest of the world (RoW). The EA region is rather detailed, while the RoW block, which also includes US, is more stylized. 16
The EA region assumes two (representative) households, a number of layers of firms and a government. EA households provide labor services to firms. One of the two households (savers, or 'Ricardians') in each country has access to financial markets, and she owns her country's firms.
The other (liquidity-constrained, or 'non-Ricardian') household has no access to financial markets, does not own financial or physical capital, and in each period only consumes the disposable wage and transfer income. The preferences of both types of household exhibit habit formation in both consumption and leisure, a feature which allows for better capturing persistence of the data.
There is a monopolistically-competitive sector producing differentiated goods, using domestic labor and capital. The firms in the sector maximize the present value of dividends at a discount factor that is strictly larger than the risk-free rate and varies over time. This is a short-cut for capturing financial frictions facing firms; it can, e.g., be interpreted as a 'principal agent friction'
between the owner and the management of the firm. Optimization is subject to investment and labor adjustment costs and a varying capacity utilization rate, which lets the model better capture the dynamics of the current account and other macro variables.
Total output is produced by combining the domestic differentiated goods bundle with energy input. EA wages are set by monopolistic trade unions. Nominal differentiated goods prices are sticky as are the wages paid to the workers. Fiscal authorities in the EA impose distortive taxes and issue debt.
The RoW block is simplified compared to the EA block. Specifically, the RoW consists of a budget constraint for the representative household, demand functions for domestic and imported goods (derived from CES consumption good aggregators), a production technology that uses la- 16 The EA block builds on, but is considerably different than the QUEST model of the EU economy (Ratto et al., 2009). bor as the sole factor input, and a New Keynesian Phillips curve. The RoW block abstracts from capital accumulation.
The behavioral relationships and technology are subject to autocorrelated shocks denoted by , where x stands for the type of shock. will generally follow an AR(1) process with autocorrelation coefficient < 1 and innovation :
There is also a separate category of shocks, denoted , whose logs are integrated of order 1. 17
With the exception of the TFP shocks, these shocks are modelled as ARIMA (1,1,0) shocks. 18 We next present a detailed description of the EA block, followed by an overview of the RoW model block. Throughout the derivation the following indexing convention will be preserved.
Indices i and j index firms and households, respectively. These indices will usually be dropped when the equilibrium conditions are derived due to the representative household/firm assumption.
Index l indicates sovereign states or economic regions. Finally, index k will always indicate the 'domestic' economy. This index will be generally dropped for parameters (even if they are country-specific), but will be usually preserved for variables.
A.1. EA households
The household sector consists of a continuum of households ∈ [0; 1]. There are two types of households, savers ("Ricardians", superscript s) who own firms and hold government and foreign bonds and liquidity-constrained households (subscript c) whose only income is labor income and who do not save. The share of savers in the population is .
Both households enjoy utility from consumption and incur disutility from labor ( = , ). On top of this, Ricardian's utility depends also on the financial assets held.
Date t expected life-time utility of household r, is defined as:
where is the (non-stochastic) discount factor (common for both types of households) and is the saving shock.
A.1.1. Ricardian households 17 These, in particular, include the TFP shock and the final demand productivity shocks. 18 TFP is driven by 3 shocks, see below.
The Ricardian households work, consume, own firms and receive nominal transfers from the government. Ricardians have full access to financial markets and are the only households who own financial assets , where , is consumption price, including VAT. 19 Short-term and long-term bonds are imperfect substitutes in the model. In particular, households have a preference for holding a mix of short-term and long-term bonds, and deviations from the target value  for the ratio of long-term over short-term debt induce quadratic adjustment costs ( 19 Note that , is related to , the private consumption deflator in terms of input factors, by the formula:
where is the tax on consumption. b  ). The same formulation of portfolio preferences or adjustment costs has been used previously by, e.g., Andrés et al. (2004) , Falagiarda (2013) , Harrison (2012) , and Liu et al. (2015) .
The budget constraint of a Ricardian household j is given by:
( 1) (1 ) 2
(1 )
where is the nominal wage rate, , is GDP price deflator, −1 are interest rates on government bonds of region l, −1 is interest rate on risk-free bond, are government transfers to savers and are lump-sum taxes paid by savers. Note that savers own all the firms in the economy. represent the profits of all firms other than differentiated goods producers (the latter producers transfer profits to savers by paying dividends ).
The price in period t of a short-term (1-period) bond of nominal value We define the gross nominal return on domestic shares as:
The instantaneous utility functions of savers, (•), is defined as:
; ℎ, ℎ ∈ (0; 1) measure the strength of the external habits in consumption and labor and is the labor supply (or wage mark-up) shock . The disutility of holding financial assets, −1 , is defined as:
The Ricardian household problem leads to the following first order conditions (FOC). 21
The FOC w.r.t. savers' consumption produces:
where is the Lagrange multiplier on the budget constraint. long-term government bonds:   ,  ,  ,  2  1 , , , 2013, 2014) . Finally, is a crucial risk premium on domestic shares. It is introduced to capture in a stylized manner financial frictions that are commonly believed to have contributed to the first phase of the financial crisis and may have contributed to its second phase, see also subsection A.2.2, below. 22
A.1.2. Liquidity-constrained household
The liquidity-constrained household consumes her disposable after-tax wage and transfer income in each period of time ('hand-to-mouth'). The period t budget constraint of the liquidityconstrained household is:
The instantaneous utility functions for liquidity-constrained households. (•), is defined as: 
where is the wage mark-up, is the degree of real wage rigidity, is the degree of nominal wage rigidity and is the degree of forward-lookingness in the labor supply equation.
, , for x=s,c, is the marginal disutility of labor, defined as:
A.2. EA production sector
A.2.1. Total output demand
Total output is produced by perfectly competitive firms by combining value added, , with energy input, , using the following CES production function:
where is the energy input share in total output and elasticity is inversely related to the steady state output price gross mark-up. It follows that the demand for and by total output producers is, respectively:
where and are price deflators associated with and , respectively, and the total output deflator is such that:
A.2.2. Differentiated goods supply
Each firm ∈ [0; 1] produces a variety of the domestic good which is an imperfect substitute for varieties produced by other firms. Because of imperfect substitutability, firms are monopolistically competitive in the goods market and face a downward-sloping demand function for goods.
Domestic final good producers then combine the different varieties into a homogenous good and sell them to domestic final demand goods producers and exporters.
Differentiated goods are produced using total capital −1 and labour which are combined in a Cobb-Douglas production function:
where is labour-augmenting productivity shock common to all firms in the differentiated goods sector and is firm-specific level of capital utilization. Total Factor Productivity, , can therefore be defined as:
We allow for three types of shocks related to the technology: a temporary shock which accounts for temporary deviations of from its trend, ̅ , and two shocks related to the trend components itself: 
where has the usual Tobin's interpretation. produced by perfectly competitive firms by combining domestic output, with imported goods , = , , , , using the following CES production function:
with a shock to productivity in the sector producing goods Z and is a shock to the share , of imports in domestic demand components. We assume that the log difference of the specific productivities, is an AR(1), with mean . It follows that the demand for the domestic and foreign part of demand aggregates is:
where are price deflators associated with ; they satisfy:
Economy-specific final imports demand
Final imported goods are produced by perfectly competitive firms combining economy-specific homogenous imports goods, , using CES production function:
where is the price elasticity of demand for country l's goods and ∑ = 1 are import shares. The demand for goods from country l is then:
while the imports price:
being the country-specific imports good prices.
Supply of economy-and sector-specific imports
The homogenous goods from country l are assembled by monopolistically competitive firms from economy-and sector-specific goods using a linear production function and subject to adjustment costs. All products from country l are initially purchased at export price of this country. Firms then maximize a discounted stream of profits, , such that :
where are the adjustment costs that producers face when choosing the bilateral import price. 23 The maximization is subject to the usual inversely-sloping demand equation. These assumptions result in a simple expression for price of homogenous goods from country l:
are additional dynamic terms due to costs of adjustment.
A.3.2. Export sector
The exporting firms are supposed to be competitive and set their prices equal to the output price, up to a shock, :
A.4.1. Monetary policy
, , , The government budget constraint is , , , Finally, the accumulation equation for government capital is:
= (1 − ) −1 +
A.5. The RoW block
The model of the RoW economy (subscript k=RoW) is a simplified structure with fewer shocks.
Specifically, the RoW consists of a budget constraint for the representative household, demand functions for domestic and imported goods (derived from CES consumption good aggregators), a production technology that uses labor as the sole factor input, and a New Keynesian Phillips curve. The RoW block abstracts from capital accumulation. There are shocks to labor productivity, price mark-ups, the subjective discount rate, the relative preference for domestic vs. imported goods, as well as monetary policy shocks in the RoW.
More specifically the budget constraint for the RoW representative household is:
where are non-oil exports by the RoW, and the intertemporal equation for aggregate demand derived from the FOC for consumption: +1 1 + 1 + +1 = 1 with = exp ( ), ( − ℎ −1 ) − = and as the RoW demand shock.
Note that ≡ As for the EA, final aggregate demand (in the absence of investment and government spending in the RoW block) is a combination of domestic output, and imported goods, , using the following CES function:
which gives the demand for the domestic and foreign goods in RoW demand: where ̃ is the deviation of actual output from trend output.
The RoW net foreign asset (NFA) position equals minus the EA NFA position.
Finally, oil is assumed to be fully imported from the RoW and the oil price is assumed as follows:
where is oil-specific productivity and oil is priced in USD.
Total nominal exports are defined as:
= ∑ with the bilateral export price being defined as the domestic price subject to a bilateral price shock:
= exp ( )

A.6 Closing the economy
Market clearing requires that: where − ∑ − = defines the trade balance, with domestic importers buying the imported good at the price P lt X .We allow non-zero trade balance and include an international transfer, , calibrated in order to satisfy zero NFA in equilibrium.
Finally, net foreign assets of each country sum to zero:
is the relative size of economy l. The grey confidence bounds represent the posterior parameter uncertainty.
Model fit
